Influenza A virus (IAV) can infect avian and mammalian species, including humans.
Introduction
Influenza A viruses (IAVs) are respiratory pathogens of a genus of the family Orthomyxoviridae and infect many animal species [1] . The wide range of IAV hosts, which expanded from the natural reservoir in aquatic birds through domestic poultry, pigs, humans, cats, marine mammals, and bats, can affect the evolution of IAVs. By antigenic drift, new IAV variants evade the immune barrier of existing hosts [2, 3] . Sometimes, IAVs go through antigenic shift by genetic reassortment among evolutionary lineages [1, 4] . These all expand the host range of IAVs and change the evolutionary dynamics of IAVs in different species.
Pigs are known as an intermediate host of IAVs [5] . Because NeuAc-a2,3-Gal-and NeuAc-a2,6-Gal-linked sialic acids are present in swine respiratory tracts, both human and avian IAVs can readily infect pigs [6] . When these viruses co-infect a single cell, progeny virions may have more opportunities for their gene selection, and consequently, pigs can serve as a wonderful melting pot for genetic reassortment and adaptation of IAVs [7] . Pigs are also an important host for the evolution of IAVs. Since 1918 influenza A H1N1 pandemic in humans, antigenically similar viruses have also transferred into swine [8] . The so-called classical swine (CS) H1N1 virus is still circulating and causing respiratory diseases in pigs. In 1998, the distinct swine H3N2 virus caused epizootic in North American pigs [9, 10] . This virus retained gene constellation of avian (PB2 and PA), human (PB1, HA, and NA), and CS lineages (NP, M, and NS) [11] . Since then, the triplereassortant virus has gone through multiple reassortment events and thus it diverged into various evolution routes of IAVs [12] . During these reassortment events, the triple-reassortant internal genes (TRIG) have been a gene cassette for accepting different HA and/or NA genes from other contemporary human and swine IAVs [13] . Until today, these swine IAVs continue to circulate and to establish their individual evolution not only in pigs but also in other susceptible hosts [14] .
Recent human infections with swine H3N2 variants (H3N2v) have been another result of the IAV reassortment that occurred in pigs. By accepting the M gene segment from the 2009 pandemic influenza A H1N1 (pH1N1) virus, the H3N2v virus was generated on the backbone of the TRIG H3N2 virus [15] . The subsequent phylogenetic study suggested that more than four reassortment events between the TRIG H3N2 and pH1N1 viruses have occurred since the pH1N1 outbreak in 2009 [16] . Generally affecting children, the novel H3N2v virus resulted in limited, but possible, human-to-human transmission [17] and a large number of previously unnoticed human cases [18] . These issues confirm the importance of a close comprehensive global surveillance system to monitor the emergence of swine-origin IAV variants [19] .
In this study, we report the phylogenetic relations of swine H3N2 influenza virus isolated from pigs in Korea between December 2011 and May 2012. Phylogenetic analysis indicated that the virus was similar to the North American TRIG H3N2 strains without a reassortment trace of the M segment from the pH1N1 virus. The HA gene of this virus was phylogenetically grouped into swine H3 cluster IV.
Materials and Methods

Ethics statement
This study was conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Animal, Plant, and Fisheries Quarantine and Inspection Agency of Korea. Based on agreement between the Office of University-Industry Cooperation of Hallym University and the Gyeongsangnam-do Livestock Promotion Institute, the experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Hallym University (permit number: Hallym 2012-95). To minimize unnecessary animal suffering, the veterinary inspector collected nasopharyngeal samples only from the pigs exhibiting respiratory symptoms, and the samples were used for the virus isolation and phylogenetic characterization.
Sampling and isolation of virus
Based on the Hallym University IACUC permission, Hallym 2012-95, 108 nasopharyngeal samples were collected from pigs between December 2011 and May 2012 in Gyeongsangnam-do, a southeastern province of Korea. Carried in universal viral transport media (BD, Franklin Lakes, NJ), samples were prepared for the virus isolation. The prepared samples were inoculated into the Madin-Darby canine kidney (MDCK) cell monolayer for 1 h at 37uC. The cells were washed and maintained with growth media for 48-72 h. Viral growth was determined by the morphological changes (cytopathic effects) in the MDCK cells and by a hemagglutination assay of cell supernatants using 0.5% turkey red blood cells (Rockland Immunochemicals Inc.; Gilbertville, PA). The double-positive sample was purified by a standard plaque assay in the MDCK cells and prepared after propagation in fertile chicken eggs.
Genomic sequence analysis
To determine the genomic sequences of the isolated virus, the viral RNAs of egg-grown samples were extracted using a QIAamp Viral RNA Mini Kit (Qiagen, Venlo, Netherlands). After reverse transcriptase PCR (RT-PCR), the DNA products were used for the sequence readouts. More than three clones per genomic segment were used for the sequence analysis. This virus was subtyped as a H3N2 strain and named A/swine/Korea/PL01/ 2012 (swPL01). Eight genomic sequences of the swPL01 virus were registered in the NCBI database, with the accession numbers KF382726 to KF382733 from the PB2 gene to the NS.
Phylogenetic and genetic distance analysis
For the phylogenetic study, the NCBI-registered full-length nucleotide sequences of swine H3N2 viruses were used as references (the total number of full-length sequences after , and H3N2v viruses were included. Using MEGA5 [22] , each sequence of the swPL01 virus was aligned with that of the references using MUSCLE by the unweighted pair group method with the arithmetic mean [23] . The phylogenetic tree was inferred using the Maximum Likelihood (ML) method by obtaining the initial tree(s) for the heuristic search based on the neighbor-joining method through a matrix of pairwise distances evaluated by the maximum composite likelihood (MCL) approach. The bootstrap scores were determined from 500 replicates and are shown below the branches [24] . The sequences that met our bootstrap score standards (.95% for PB2, PB1, PA, and NP or .60% for HA, NA, M, and NS among the sequences registered since the late 1990s) and that were located in close proximity were recalculated with the Korean swine H3N2 and lineage defining sequences for the final ML tree evaluation. Some HA sequences published previously in 2008 [25] and 2013 [26] were included in the final HA tree for the differentiation of HA clusters. The horizontal distances are the nucleotide differences, which were proportional for the number of changes per site. The genetic distances were determined with MEGA5 by the MCL method using bootstrap estimation (500 replicates).
Results
Phylogenetic analysis of the polymerase genes
We first analyzed the phylogenetic relations of three polymerase gene segments of the swPL01 virus with other NCBI-registered sequences. In the ML trees, the polymerase genes of Korean swine H3N2 viruses appeared to have evolved from those of the swTx/ 98 virus ( Figure 1 All of the polymerase genes of the swPL01 virus appeared to be evolved from the genes of the swTx/98 virus. However, the swPL01 virus was categorized into a different clade from the other contemporary Korean isolates ( Figure 1 ). These relations were easily appreciated in the ML trees drawn with the overall reference sequences and also seen in maximum parsimony (MP) and neighbor joining (NJ) trees of the selected sequences (Figures S1, S2, and S3). In sequence analysis, the PB2 of A/swine/Ontario/ 33853/2005 showed the greatest sequence similarity (97.5%) with that of the swPL01 virus whereas maximum 95.7% similarity was seen with the Korean isolates ( Table 1) Table 1) . On the other hand, 95.7% and 95.9% were the highest sequence similarities found with the PB1 and PA genes of the Korean isolates, respectively (Table 1) . Considered together, these findings suggest that the swPL01 virus retains polymerase genes that drifted from the swTx/98 virus but it is phylogenetically different from those of other contemporary Korean strains.
Phylogenetic analysis of the HA and NA genes
We then analyzed the phylogenetic characteristics of the swPL01 HA and NA genes. In the ML tree of the overall sequences, the HA of swPL01 (indicated as c in Figure S4 ) virus was distant from those of other contemporary Korean viruses (b, d in Figure S4 ). We confirmed this phylogenetic distance with the selected HA sequences. In the ML (Figure 2A ), MP and NJ ( Figure  S4 ) trees, each cluster (clusters I, II, III, and IV) of swine H3 HAs diverged from that of the swTx/98 virus [25] [26] [27] . In these group Under the trunk of cluster III, various HAs were diverged into two large clades. These constituted cluster IV [28] , and the HA of the swPL01 virus was included in the upper clade group with others from North America whereas Korean HAs isolated from 2011-2012 were in the lower clade (Figures 2A and S4) . In a similar manner to that of the phylogenetic relations of polymerase genes unveiled in Figure 1 , the swPL01 HA was located in one of the branches of the cluster IV phylogenetic trunk shared with the other contemporary Korean HAs, but it was categorized in a different group (Figures 2A and S4 ). These differences were also apparent in the ML tree using the full-length HA sequences of Asian avian, human, and swine H3N2 viruses and North American avian and swine H3N2 viruses ( Figure S9 ). Similarly above, the HA of the swPL01 virus was included in the completely different clade from those of other Korean isolates in the same swine H3 HA trunk. Amino acid differences also explained these phylogenetic distances (Table S1 ). Compared with the HAs of other Korean isolates, we found 35 amino acid mutations (35/567, 6.17%) from that of the swPL01 virus. 27 mutations (27/345, 7.83%) were located in the HA1 region, and 8 (8/222, 3.6%) were in the HA 2. By concurrent E292N and N294S mutations, the HA of swPL01 virus gained one more potential N-linked glycosylation (NLG; N-Xaa-S/T, any amino acid for Xaa except proline) at HA residue 292 (Table S1 ). , and PA (C) segments of the swPL01 virus were inferred with those of NCBI-registered reference sequences by the ML method using MEGA5 [22] . The sequences with more than 95% bootstrap scores among the evolution branches of the swTx/98 virus and those of reference were used for the final ML tree evaluation. Table 1 . Sequence similarity and maximum identity of the swPL01 virus with the Korean and other swine H3N2 viruses. The HA of the A/swine/Ohio/11sw347/2011 virus exhibited the highest sequence similarity (96.6%) with that of the swPL01 virus (Table 1) . On the other hand, maximum 94.8% similarity was found with the HAs of the Korean swine H3N2 viruses ( Table 1) .
The NAs of TRIG H3N2 viruses diverged into various clades, which resulted from reassortments with seasonal human viruses ( Figures S6 and S9) [21] . The reassortment event in 1998 introduced human HA, NA, and PB1 genes into the swine influenza viruses and was attributed to the establishment of the TRIG H3N2 lineage in pigs [9] . The later reassortment of TRIG H3N2 viruses occurred with the NA of human H3N2 viruses around 2001-2002. This second reassortment established another NA phylogenetic lineage, clade IV, into swine NA evolution [21] . In our phylogenetic tree of the NA genes, a similar pattern was observed ( Figures 2B and S6) . [21, 28] . However, the NA of the swPL01 virus was classified into a different group from that of the other contemporary Korean viruses ( Figures 2B and S6 ) and exhibited the closest genetic similarity to that of the A/swine/Quebec/4001/2005 virus (96.9%) rather than to any other Korean isolates (less than 94.0%) ( Table 1 ). In addition, 29 (29/470, 6.17%) amino acid differences in the NAs between the swPL01 and other Korean isolates also supported their phylogenetic distances (Table S2) . These results suggest that the HA and NA genes of the swPL01 virus are phylogenetically distant from those of the other contemporary Korean isolates.
Phylogenetic analysis of the NP, M, and NS genes
The phylogenetic analysis of polymerase and surface glycoprotein genes indicated the unique evolutionary position of the swPL01 virus compared with other contemporary Korean isolates (Figures 1 and 2) . The overall ML trees of the NP, M, and NS genes presented a similar conclusion ( Figures S5, S7, and S8 ). In the ML, MP, and NJ trees of the selected NP and NS sequences, the swPL01 virus appeared to be evolved from the respective swTx/98 genes but was neither classified within the same clades with other contemporary Korean isolates nor traced by interaction clues with the pH1N1 viruses (NP in Figures 3A and S5 ; NS in Figures 3C and S8 ). The NP and NS genes of the swPL01 virus had maximum 96.3% and 97.0% genetic similarities to those of Korean isolates, respectively, whereas 98.1% and 97. Table 1) .
The ML tree of the swPL01 M gene suggested a different evolution pathway of TRIG H3N2 viruses in Korea (Figures S7  and S9 ). Most Korean TRIG H3N2 viruses in 2011-2012 appeared to retain the M gene of the pH1N1 lineage, which was derived from the EA lineage ( Figures 3B and S7 ) [2] and termed as H3N2v [29] . However, the swPL01 virus retained the M gene signature of TRIG H3N2 viruses. Located in the phylogenetic tree of TRIG viruses, the swPL01 M segment appeared to be one of the evolutionary branch lines of the swTx/ (Table 1) .
Discussion
Our results demonstrate the genetic diversity of the swine H3N2 viruses circulating in Korea and the necessity of epidemiological preparedness through comprehensive surveillance. Since 2002, six different subtypes of swine IAVs (H1N1, H1N2, H3N1, H3N2, H5N2, and H9N2) have been reported in Korea (based on the NCBI-registered sequence information as of July 28, 2013) [30] [31] [32] . Recently, H3N2v viruses were also identified in pigs on Korean farms [33, 34] . When considering that various avian, swine, and human IAVs can infect pigs [14] , swine-origin novel IAV variants in Korea may pose serious threats to local and global communities.
To maintain epidemiologic preparedness against swine IAVs, we routinely investigated nasopharyngeal samples collected from pigs in Gyeongsangnam-do, a southeastern province of Korea and isolated the swPL01 virus. In the phylogenetic analysis, this virus appeared to be one of the North American TRIG H3N2 strains. Since 1998, the TRIG cassette has provided a stable backbone for various insertion sets of HA and/or NA genes of different viruses [16] . It seemed to play the same role for the swPL01 virus. Even though some viruses appear to have reassorted with the pH1N1, the virus we characterized (swPL01) did not contain any gene segments derived from the pH1N1 (Figures 1, 2, and 3) . Recently, H3N2v viruses were isolated in Korean swine [33, 34] , and the M genes of swine H3N2 viruses from 2011-2012 indicated the pH1N1 M genes already reassorted with swine IAVs in Korea. To further investigate this relatedness, we analyzed the M genes of avian, human, and swine IAVs. In the inferred ML tree, we found that swine M genes were grouped into two big different clades ( Figure S9 ). The first swine M clade was paralleled with that of humans and included the TRIG M lineage. The swPL01 M gene was placed in one of the evolution branches of this first swine M clade. However, the M genes of other Korean swine IAVs from 2011-2012 were found at the end of the pH1N1 M lineage, not directly from the second swine M clade below the avian Ms ( Figure  S9 ). These results could not reflect the overall M gene evolution of swine IAVs or explain the reassortment event of H3N2v in Korea. However, this might imply that the pH1N1 M segment would be more beneficial to the H3N2v gene constellation compared with that of avian and TRIG lineages ( Figure S9 ). In fact, the pH1N1 virus adopted two gene segments, NA and M, from the EA lineage [35, 36] , and both segments attributed to the enhanced viral release and transmission [37] . However, only the M gene appeared to reassort with other swine H3N2 viruses. This might be explained by the proposed pH1N1 M gene property for Figure 2 . The phylogenetic relationships of surface glycoprotein segments. The evolutionary phases of the HA (A) and NA (B) segments of the swPL01 virus were inferred using the method described above (see the legend in Figure 1 ). The sequences with more than 60% bootstrap scores among the evolution branches of the swTx/98 virus and those of reference were used for the final ML tree evaluation. The HA phylogenetic groups were indicated as cluster I, II, III, and IV. The NAs were indicated as TRIG H3N2, human H1N2 (huH1N2), human H3N2 (huH3N2), and clade IV. The colors represent the following viruses: pink, A/swine/Texas/4199-2/1998 (swTx/98); green, Korean swine H3N2; and red, A/swine/Korea/PL01/2012 (swPL01). doi:10.1371/journal.pone.0088782.g002 efficient transmission in a guinea pig model [38] . In this respect, the pandemic potential of the H3N2v virus [39] should be elucidated along with the contribution of pH1N1 NA segment for the generation of novel swine IAV variants [40] . Development of effective vaccines also needs for insightful preparedness against this ongoing epidemiological threat [41, 42] .
For the HA and NA genes, the swPL01 virus belonged to the most recent evolution cluster in the swTx/98 phylogeny. So did the Korean isolates between 2011-2012 (Figures 2, S4, and S6) . However, the phylogenetic analysis results inferred with avian, human, and swine H3N2 sequences indicated that the HA and NA genes of the swPL01 virus were categorized in different clades from those of other contemporary Korean isolates, respectively ( Figures S4, S6 , and S9). 35 and 29 amino acid mutations in the respective HA and NA segments also explained their phylogenetic distances from other Korean isolates (Tables S1 and S2 ). In addition, the swPL01 virus retained another potential NLG site in the HA1 region (Table S1 ). However, there were no avian H3 molecular signatures (Q226/G228) found in the HA of the swPL01 virus (V226/S228) (Table S1 ) even though some avian HAs were closely located together ( Figure S9 ) [43, 44] .
The swPL01 virus shared an overall 87.3-97.5% sequence similarity with the Korean swine H3N2 viruses. The highest sequence similarity of the swPL01 virus was found primarily with the North American TRIG H3N2 viruses circulating around 2005, except for the HA gene, which exhibited the highest similarity to that around 2011. Reassortment event(s) around 2011 might introduce the cluster IV HA, which was distinct from those of other contemporary Korean viruses, into the swPL01 virus.
Considered all together, these results suggest that the swPL01 virus is one of the isolates evolved from the swTx/98 virus and that the diversity of swine IAVs circulating in Korea should be under close surveillance for pandemic preparedness. Figure S1 The phylogenetic relationships of the swPL01 PB2 gene with references. The phylogenetic placement of the swPL01 PB2 gene was inferred by the ML method with PB2 reference sequences of swine H3N2 viruses. For the Maximum Parsimony (MP) tree, the selected nucleotide sequences were analyzed by the percentage of replicate (500 replicates), and the tree was inferred using the Subtree-Pruning-Regrafting algorithm with search level 1 where the initial trees were produced by the random sequence addition (10 replicates) [45] . Branch lengths calculated using the average pathway method were proportional for the units of the number of changes over the whole sequence. The Neighbor-Joining tree was also determined using the bootstrap method (500 replicates) [46] . Branch lengths were proportional for the same units as those of the evolutionary distance , and NS (C) segments of the swPL01 virus were inferred using the method described above (see the legend in Figure 1 ). The sequences with more than 95% for NP and 60% for M and NS bootstrap scores among the evolution branches of the swTx/98 virus and those of reference were used for the final ML tree evaluation. 
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